We present a detailed local probe study of the magnetic order in the oxychalcogenide La2O2Fe2OSe2 utilizing 57 Fe Mössbauer, 139 La NMR, and muon spin relaxation spectroscopy. This system can be regarded as an insulating reference system of the Fe arsenide and chalcogenide superconductors. From the combination of the local probe techniques we identify a non-collinear magnetic structure similar to Sr2F2Fe2OS2. The analysis of the magnetic order parameter yields an ordering temperature TN = 90.1 K and a critical exponent of β = 0.133, which is close to the 2D Ising universality class as reported in the related oxychalcogenide family.
I. INTRODUCTION
One of the important issues to understand the iron based superconductors is the role of electron correlations. The antiferromagnetically (AFM) ordered state of the parent compounds of RFeAsO (R = rare earth) 1,2 and BaFe 2 As 2 3 pnictide superconductors can be understood either as a spin density wave order of an itinerant multiband Fermi surface, 4 or due to a frustrated J 1 -J 2 interaction of localized spins. 5, 6 Strongly localized systems with layered transition metal (Tm) pnictide or (oxy-) chalcogenide structures serve as reference systems to understand the properties of the iron based superconductors. Moreover, due to the interplay of three different intraplane exchange interactions of Tm ions, the oxychalcogenide systems show a rich variety of magnetically ordered ground states. G-type AFM order with magnetic Mn moments aligned along the crystallographic c-axis is reported for La 2 O 2 Mn 2 OSe 2 .
7 A non-collinear arrangement of magnetic moments parallel to the a-b plane is concluded for Sr 2 F 2 Fe 2 OS 2 [ Fig. 10 
8,9
The R 2 O 2 Tm 2 OCh 2 and A 2 F 2 Tm 2 OCh 2 oxychalcogenides exist in a rich variety of compositions: systems with R = La, Ce, Pr, Nd, Sm; A = Sr, Ba; Tm = Fe, Co, Mn; and Ch = Se, S are reported. 7, [10] [11] [12] [13] [14] [15] Among these isostructural materials with I4/mmm symmetry, all reported systems with Tm = Fe exhibit a transition to antiferromagnetic order near T N = 100 K. Non-metallic and antiferromagnetic properties in La 2 O 2 Fe 2 OCh 2 and Sr 2 F 2 Fe 2 OS 2 are consistent with theoretical studies indicating Mott-insulating behavior. 8,16,17 57 Fe Mössbauer studies on Nd 2 O 2 Fe 2 OSe 2 and Sr 2 F 2 Fe 2 OS 2 found critical exponents close to the 2D Ising universality class, indicating anisotropical, dominantly 2D magnetic exchange interactions. 8, 11, 12 In these systems, within a Fe 2 OCh 2 layer, three different magnetic exchange interactions of Fe 2+ ions are considered: A diagonal nearest neighbor (nn) interaction J nn and two next nearest neighbor (nnn) interactions J nnn1 and J nnn2 via O 2− or two Ch 2− ions, respectively [ Fig. 10(b) ]. 11 The nature of the magnetic interactions and possible models of magnetic order in the iron based oxychalcogenides had been studied extensively. 8, 11, 12, [16] [17] [18] The magnetic ground state of La 2 O 2 Fe 2 OSe 2 was proposed to obey a plaquette AFM order for on-site Hubbard interaction U = 1.5 eV or U = 3 eV, and the Neel state for U = 4.5 eV. 16 From this the deduced interactions are reported to be FM for the Fe-Se 2 -Fe pathway, AFM for the Fe-O-Fe interaction, and AFM for the nearest neighbor coupling J nn . The transition from plaquette AFM order (p > 1) to the Neel state (p < 1) is driven by the parameter p = J nnn1 /|J nn |. While in the plaquette state two nn Fe magnetic moments are aligned parallel and two antiparallel, with stronger J nn in the Neel state all AFM nn interactions are satisfied, but not the AFM J nnn1 mediated by oxygen ions.
A neutron diffraction study on 19 Moreover, gapped (≈ 5 meV) and confined (below ≈ 25 meV) magnetic excitation was reported.
In this study we present 57 Fe Mössbauer, 139 La NMR, and muon spin relaxation (µSR) experiments on polycrystalline La 2 O 2 Fe 2 OSe 2 . We find long-range magnetic order below T N = 90.1 K and deduce a critical exponent β = 0.133. The magnetic order is deduced to obey a non-collinear structure according to a ferromagnetic (FM) interaction J nnn2 [ Fig. 10(d) ]. We first give a brief introduction to the experimental setup in section II. In section III we present our results of 57 Fe Mössbauer spectroscopy.
139 La NMR field-swept and µSR spectra are presented in section IV and V. Finally we give a summary in section VI.
II. EXPERIMENTAL DETAILS
Polycrystalline samples of La 2 O 2 Fe 2 OSe 2 were prepared by the solid-state reaction method using stoichiometric amounts of La 2 O 3 , Fe, and Se. The resulting powder were ground in an argon glove box, pressed into a pellet, and placed inside a quartz ampoule under vacuum. The pellet was heated by following the routine described in the reference. 18 The single phase of La 2 O 2 Fe 2 OSe 2 was confirmed by X-ray powder diffraction experiments performed on a STOE Stadi P powder diffractometer with Mo K α1 radiation (λ = 0.70926Å) at 293 K. The diffractometer is equipped with a curved Ge(111) monochromator and a 6
• -linear position sensitive detector. The structural analysis was carried out by Rietveld refinement utilizing the FullProf software package. 20, 21 The refined structural parameters are presented in table I and are in good agreement with earlier studies. 10, 13 All experimental work presented here were done on one single batch of crushed polycrystalline material. For 57 Fe Mössbauer spectroscopy a thin absorber of 2.6 mg/cm 2 Fe area density was prepared by evaporation of a methanol suspension of the powdered sample. A Wissel spectrometer was operated in sinusoidal mode and photons were detected with a KeTek-SDD detector.
139 La NMR experiments in a temperature range of 5.0 K ≤ T ≤ 170 K were performed by conventional pulsed NMR techniques with the duration of a π/2-pulse equal to 6 µs. The NMR data were recorded in a 8 T superconducting magnet system with a 4 He variable temperature insert, using a Tecmag LapNMR spectrometer. The polycrystalline powder was placed in a glass tube inside a Cu coil with a frequency of the resonant circuits of 44.0 MHz and 25.5 MHz. The spin-lattice relaxation rate was measured by using the saturation recovery method.
An extensive search was carried out to resolve the 77 Se signal, however without success. Since the crystallographic Se site is located much closer to the Fe than the La site, a strong magnetic hyperfine coupling can lead to a nuclear relaxation too fast to be measured.
Zero magnetic field µSR spectra were recorded using the GPS instrument at the PSI Villigen, Switzerland, in a temperature range 5 ≤ T ≤ 160 K. The data were analyzed using the free software package MUSRFIT.
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III.
57 FE MÖSSBAUER SPECTROSCOPY 57 Fe Mössbauer spectroscopy allows to study microscopically the strength and alignment of ordered Fe magnetic moments with respect to the electric field gradient (EFG) principal axis within the distorted FeO 2 Se 4 octahedra. Moreover it is sensitive to temperature dependent changes of the electronic surrounding via the electric quadrupole interaction. Figure 2 shows the 57 Fe Mössbauer spectra at selected temperatures. In the paramagnetic regime down to T = 120 K we find a single asymmetric doublet with a quadrupole splitting of ∆v QS = 1.98 mm/s (Fig.  4) . This corresponds to a principal EFG component of V zz = 119 V/Å 2 and is close to the values found in earlier studies.
12, 15 The asymmetric absorption intensity of the doublet is interpreted in terms of texture caused by the flaky shape of the crystallites. These flakes are suspected to be oriented flat on the bottom of the sample holder, resulting in a preferred orientation of the c-axis parallel to the γ-beam. With decreasing temperature below T N a sextet is developed, indicating long range magnetic ordering. Due to the D 2h symmetry of the 57 Fe site an asymmetric electric field gradient, with asymmetry η > 0, is expected. The analysis of the spectra is done by diagonalization of the full static hyperfine hamiltonian
with nuclear spin operators I z , I + = I x + iI y , and I − = I x − iI y . B hyp is the hyperfine field at the 57 Fe site. Q, g I , and µ N denote the nuclear quadrupole moment, g-factor, and magneton. The polar angle φ and the azimuthal angle θ describe the orientation of the Fe hyperfine field B hyp with respect to the EFG z-axis. Due to the preferred orientation of the sample flakes parallel to the bottom of the sample holder, i.e. the preferred orientation of the γ-beam parallel to the c-axis, a texture function
is introduced to account for corrections of the line intensities with respect to the geometrical setup. Here the polar angle φ γ and the azimuthal angle θ γ describe the orientation of the γ-beam with respect to the EFG z-axis. Additionally the equivalent description by the angle between the crystallographic c-axis and the γ-beam is given. With this the preferred orientation can be smoothly tuned by the model parameter N .
In the AFM ordered state we find constant N = 1.14 and η = 0.15 (3) 12 N and η are fixed for further analysis of V zz and B hyp . While decreasing the temperature the magnetic volume fraction increases rapidly. At 88 K the sample is 100% magnetic. At the lowest measured temperature T = 4.2 K the spectrum is described by a Zeeman splitting with maximum hyperfine field B sat = 20.3(1) T. All spectra are fitted with a single Fe site. The isomer shift of 0.82 mm/s at room temperature is typical for a high spin state of Fe 2+ .
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The absolute value of the 57 Fe hyperfine field at low temperatures B sat is close to that of other oxychalcogenide systems (Tab. II). For Sr 2 F 2 Fe 2 OS 2 a saturation field B sat = 20.65 T and the low temperature ordered Fe magnetic moment m Fe = 3.3(1) µ B is reported. Mössbauer spectroscopy clearly shows that θ = 0 in the magnetically ordered regime, i.e. the magnetic hyperfine field B hyp is oriented parallel to the z-axis of the EFG principal axis system (Fig. 3) . Considering that the EFG strongest component is aligned along the O-Fe-O chains (also calculated in a LSDA+U approach), 12 this proves that the ordered Fe magnetic moments are oriented parallel to O-Fe-O chains, resulting in a non-collinear magnetic order. This was already concluded for the Ndsystem. 12 Considering AFM J nnn1 intraplane exchange interactions, three different models of non-collinear order are possible (see Fig. 10 ).
Fitting the sublattice magnetization for temperatures above 0.6
β yields a transition temperature T N = 90.1 ± 0.1 K. The critical exponent β = 0.133 is close to that of the magnetic square planar Ising model (β = 1/8). Figure 4 shows the temperature dependence of the EFG component V zz (T ). V zz (T ) is constant at high temperatures above 120 K and then decreases gradually below. This onset temperature is in accordance with an 
anomaly of the thermal expansion along the c-axis, detected in neutron scattering experiments.
18 The DebyeWaller-factor as well as the quadratic Doppler shift can be described in the Debye model (Fig. 5) . For both datasets a Debye temperature Θ D = 241 K is obtained and no anomaly is found below 120 K.
IV.
139 LA NMR
In this section we present field-swept 139 La NMR spectra and spin-lattice relaxation data. Figure 7 shows 139 La spectra at different temperatures. At high temperatures a typical nuclear spin I = 7/2 powder line shape is observed. For T > T N the spectra consist of a splitted central transition and three pairs of satellites. Note that the most outer satellite at the high field side was not observed at 44.0 MHz, but has been verified in measurements at a frequency of 25.5 MHz. In the paramagnetic state the deduced quadrupole frequency is ν = 3.1 MHz and the asymmetry parameter η = 0. Due to the local C 4v symmetry of La, a vanishing η is reasonable and the EFG principal z-axis is assumed to match the crystallographic c-axis. These values are fixed for the analysis of the magnetically ordered regime T < T N , where two effects lead to more complex spectra: 1. A significant broadening of the central transition and the satellites is attributed to static hyperfine fields. 2. Additional
139 La intensity appears at 85 K, near 6.8 T and strongly shifts to lower fields, when cooling the sample. Since there is only one crystallographic La position in the unit cell, the NMR experiments show two magnetically non-equivalent sites.
To analyze the field-swept spectra, the nuclear Hamil- 
FIG. 8: Gray squares show
139 La field-swept NMR spectrum at 25.5 MHz and 50 K. Green and red solid lines represent calculated spectra due to the two magnetically non-equivalent sites (see text). The total simulated spectrum is shown as black line.
was diagonalized for 25000 random orientations of the external field B, with respect to the EFG principal z-axis, at each sweep step (γ/2π = 6.0146 MHz/T). B and B ⊥ are hyperfine fields parallel and perpendicular to the a-b plane. Transitions of nuclear sublevels corresponding to 44.0 MHz (in a window of 70 kHz corresponding to the signals FWHM) provide the intensity for a given field point.
While the modeled spectra yield an accurate description of the experimental data without any additional internal field (B = 0 mT and B ⊥ = 0 mT) at temperatures T > T N , two local fields B 1 and B 2 at magnetically non-equivalent 139 La sites must be introduced to describe the observed spectra in the ordered state.
Site 1: Choosing B 1 parallel to the a-b plane results in a broadening of the simulated spectra. The green lines in Fig. 7 and 8 are simulations with |B 1 | = B 1, = 35 mT and reproduce some features of NMR line broadening at T = 50 K. Any additional component parallel to the c-axis will impair the simulation and we find B 1,⊥ = 0 mT.
Site 2: To describe the second signal, a simulation with B 2 c is shown as red line. Here B 2,⊥ = 1040 mT at 50 K. Additional components of the hyperfine field parallel to the a-b plane, in the order of 35 mT, will not interfere the simulation.
Black lines are spectral sums of equal weighting for both
139 La sites and model our field-swept data very well in the magnetically ordered regime. The temperature dependency of B 2,⊥ is shown in Fig. 6 . Additional field-swept spectra at a resonance frequency of 25.5 MHz yields similar results and confirm the magnetic origin of line broadening and shifting (Fig. 8) .
We calculated the hyperfine coupling constants at the 139 La sites, using localized Fe magnetic dipole moments for three non-collinear models of magnetic order ( This model is identified to be consistent with our experimental results.
Comparing the hyperfine fields deduced from the NMR field-swept experiment to the ordered magnetic Fe moment deduced from Mössbauer spectroscopy, we obtain a hyperfine coupling parallel to the a-b plane of A 1, = 11.4 mT/µ B for site 1 and A 2,⊥ = 340 mT/µ B for site 2 . The dipolar model yields a good qualitative description of our field-swept spectra for both 139 La sites. For site 1 also a good quantitative agreement is found (37% difference between experimental and calcu- taking into account magnetic transition probabilities 1/T 1 for a relaxation of a spin I = 7/2 nuclei central transition. M (t) is the value of the nuclear magnetization at a time t after the saturation pulse and M (0) the equilibrium magnetization. Figure 9 shows the 139 (1/T 1 ) vs T plot together with the dynamic relaxation rate of the muon-spinpolarization. For T > T N , 139 (1/T 1 ) monitors the slowing down of magnetic fluctuations while approaching T N with respect to equivalent 139 La sites. For T < T N the experiments at 7.297 T mainly probe site 1 and the spin-lattice relaxation is strongly reduced within an interval of 5 K. For T < 65 K we find 139 (1/T 1 ) ∝ T 3 close to a power law. In the ordered state of AFM insulators the relaxation of nuclear spins in the presence of a gap k B ∆ in the magnetic excitation spectrum is mainly driven by Raman processes. 24 For T >> ∆ a T 3 behavior of the spin-lattice relaxation rate is expected for a dominating two-magnon process, while a three-magnon process will result in a T 5 power law. 25 The deviations of towards lower temperatures indicates the crossover to the regime T << ∆, where the thermal activation of gapped excitations will lead to 139 (1/T 1 ) ∝ T 2 e −∆/T . The gray line in Fig. 9 refers to ∆ = 55 K, which is close to the observed gap in the reference. 19 In the low temperature regime the relaxation due to the gapped excitations is rapidly suppressed. For T < 20 K it is dominated by a process which again reveals a power law 139 (1/T 1 ) ∝ T 3 .
V. ZERO FIELD µSR EXPERIMENTS
In zero field µSR experiments the time dependent polarization P (t) of an initially polarized muon-spin ensemble is obtained. After implantation, the positive muons thermalize very fast and come to rest at interstitial lattice sites. The muon decays into two neutrinos and a positron which is detected. Because the direction of the positron emission is favored along the direction of the muon spin at the moment of the decay, an ensemble average of several million decays provides P (t). Representative spectra on powder samples of La 2 O 2 Fe 2 OSe 2 at selected temperatures are shown in Fig. 12 . For T > T N the polarization P (t) is described by an exponential relaxation with two fractions P dyn + P dyn = 100%:
λ dyn and λ dyn denote relaxation rates of the time dependent muon spin polarization. For T > 120 K we find P dyn = 100%, indicating magnetically equivalent muon sites in the paramagnetic regime.
In accordance with the onset temperature of the V zz reduction and the corresponding anomaly of the thermal expansion we identify a second fraction P dyn ≈ 7% below T = 120 K. This fraction exhibits a rather strong relaxation λ dyn > 1.7 MHz >> λ dyn . We attribute this fraction of the µSR signal to muons affected by a large hyperfine coupling constant which are therefore probably located at an interstitial site close to a magnetic Fe moment. This conclusion will later be reinforced by the observation of an equivalent signal fraction probing a strong static internal magnetic field in the low temperature, long range ordered magnetic phase (see below).
λ dyn is shown in Fig. 9 and monitors the slowing down of magnetic fluctuations while approaching T N in the paramagnetic regime.
In the magnetically long range ordered regime T < T N internal fields at the muon sites develop and therefore spontaneous muon-spin precession is observed. Taking into account the powder average, the polarization is described by 2/3 oscillating and 1/3 non-oscillating fractions. A magnetic five site model for the oscillating fraction is identified from a Fourier transformation of the polarization P (t) (Fig. 11) , which displays four well defined frequencies and a fast relaxing contribution. The non-oscillating part of the polarization is described by an effective two site model, with 85% dynamically depolarizing and 15% non-depolarizing fractions:
).
(5) Here λ Ti describe the depolarization of the oscillating signal fractions. The fast depolarization of fraction P 0 with λ T,0 > 50 MHz prohibits a determination of f 0 . We find signal fractions P 0 = 36.4%, P 1 = 12.2%, P 2 = 33.1%, P 3 = 10.6%, and P 4 = 7.7% at lowest measured temperature T = 5 K and fix them for the analysis of the magnetically ordered regime. The obtained precession frequencies f 1 , f 2 , f 3 , and f 4 are shown in Fig. 6 . In our analysis the ratios of the frequencies f 1 , f 2 and f 3 are determined from the 5 K spectrum and fixed for the further analysis. The high frequency oscillation f 4 nicely scales with the order parameter determined from 57 Fe Mössbauer and 139 La NMR experiments within error bars. In correspondence to the presented analysis of the 57 Fe Mössbauer order parameter the frequencies f 1 , f 2 and f 3 yield a consistent critical exponent β = 0.15(1) and transition temperature T N = 88.5(8)K.
Fraction P 4 is nearly equal to P dyn and f 4 >> f 1 , f 2 , f 3 indicates strong hyperfine coupling due to a close vicinity to magnetic Fe moments. We identify P 4 and P dyn as stemming from crystallographically equivalent muon sites. Spontaneous precession frequencies due to internal magnetic fields probe the magnetic order parameter. We find f 4 proportional to B hyp deduced from Mössbauer spectroscopy and B 2,⊥ deduced from 139 La NMR experiments (Fig. 6) .
We interpret the multiplicity of precession frequencies f 0 -f 3 as due to magnetically non-equivalent sites in the ordered regime. Compared to the magnetic twofold split-ting of 139 La spectra, a reduced symmetry of interstitial muon sites will lead to a more complex splitting of muonspin precession frequencies.
Below T N the dynamic depolarization P dyn is reduced strongly. Finally for T ≤ 50 K only small residual depolarization λ dyn < 0.1 MHz is fitted (not shown in Fig. 9 ). Here the relaxation of the different muon fractions successively drops below the sensitivity of the method near 50 K.
VI. SUMMARY
We have investigated magnetic order and spin dynamics in La 2 O 2 Fe 2 OSe 2 by means of 57 Fe Mössbauer spectroscopy, 139 La NMR, and muon spin relaxation. The analysis of the Mössbauer spectra puts the system close to related oxychalcogenide systems (Tab. I). The spectra reveal the presence of magnetically equivalent Fe moments with non-collinear alignment parallel to O-Fe-O chains in the ordered state. This is in contrast to the collinear order model concluded in a neutron spectroscopy study but consistent with former theoretical predictions. The transition temperature to magnetic order is T N = 90.1 K. The critical exponent of the magnetic order parameter β = 0.133 is close to that of the 2D Ising universality class.
In NMR field-swept experiments we find two magnetically non-equivalent 139 La sites in the magnetically ordered state. This is shown to be consistent with only one model of non-collinear magnetic order discussed in the literature, i.e. the model shown in Fig. 10(d) . This model was already suggested as one possible model for Nd 2 O 2 Fe 2 OSe 2 and was recently found to describe magnetic order in Sr 2 F 2 Fe 2 OS 2 .
The observation of four muon-spin precession frequencies and a fast depolarizing signal in the ordered state in La 2 O 2 Fe 2 OSe 2 is interpreted in terms of two different muon sites and the complex model of magnetic order.
Dynamic depolarization of the muon-spin ensemble and 139 La spin-lattice relaxation reveal a slowing down of magnetic fluctuations while approaching the long range ordered state. For T < T N magnetic fluctuations are strongly suppressed. In the temperature range 20 K < T < 65 K 139 (1/T 1 ) data probes the cross over to the gapped regime T < T ∆ ≈ 55 K, in consistence with inelastic neutron scattering data. 19 For T < 20 K the strong reduction of spin-lattice relaxation rate due to the excitation gap is finally dominated by another source of relaxation, again leading to a power law behavior 139 (1/T 1 ) ∝ T 3 . This is indicative for the presence of low energy magnetic excitations below the gap energy. In the magnetically ordered state of La 2 O 2 Fe 2 OSe 2 a small residual dynamic depolarization hides the signature of the spin excitation band.
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Due to the peculiar local in-plane coordination auf Fe atoms by oxygen, the magnetism in La 2 O 2 Fe 2 OSe 2 is more anisotropic then in Fe pnictides. In the crystal electric field the strongly localized S = 2 high spin states of Fe 2+ form two orthogonal 2D-Ising-like magnetic sublattices along O-Fe-O bonds. From the observed magnetic order we conclude AFM interaction via oxygen J nnn1 and FM interaction via selenium J nnn2 . La 2 O 2 Fe 2 OSe 2 is the second compound along with Sr 2 F 2 Fe 2 OS 2 were this particular order is observed. 
